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ABSTRACT

Context. The Nax X-ray lines between 10.9 and 11.2 A have attracted little attention but are of interest since they enable an estimate
of the coronal abundance of Na to be made. This is of great interest in the continuing debate on the nature of the FIP (first ionization
potential) dfect.

Aims. Observations of the Nalines with the Solar Maximum Mission Flat Crystal Spectrometer and a rocket-borne X-ray spectrom-
eter are used to measure the/Ne abundance ratio, i.e. the ratio of an element with very low FIP to one with high FIP.

Methods. New atomic data are used to generate synthetic spectra which are compared with the observations, with temperature and
the NgNe abundance ratio as free parameters.

Results. Temperature estimates from the observations indicate that the line emission is principally from non-flaring active regions,
and that the N@&Ne abundance ratio is@ + 50%.

Conclusions. The Ng@Ne abundance ratio is close to a coronal value for which the abundances of low-FIP elemenrtslL(F&6¥)

are enhanced by a factor of 3 to 4 over those found in the photosphere. For low-températaré.% MK) spectra, the presence

of Fexvu lines requires that either a higher-temperature component is present or a revision of ionization or recombination rates is
needed.
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1. Introduction 2P, in the extreme ultraviolet, at 681.7 A and 694.3 A, and the

He-like Na (Nax) line 1s2s 3S; — 1s2p 3P, at 1111.76 A seen

Sodium has few prominent or unblended emission lines in t
ultraviolet and X-ray spectra emitted by solar coronal plasm QSS: I% eSSUOI\;IE_FTikSep(eNCg? ;ﬁg ﬁ;ﬁitkaél',’\éc(ﬁ&)?g ?hlg,sz(a)rf\tdxr_eso—
Hence determinations of its abundance relative to other elemeis !

rely on measurements of emission line fluxes that are either wegk "ange. X-ray observations of the hland Nax X-ray emis-
Sion lines should in principle be easier than for the equivalent

or in crowded spectral regions. Yet its abundance is importa ium li he oh heric abund f Nais hiah
for discussions of the so-called FIFext, whereby coronal el- botassium lines as the photospheric abundance of Na is higher

ement abundancesttéir from corresponding photospheric vaI-IOy a factor of 16 than Kl(Asplund etlal.. 2009), but neverthe-

ues depending on whether their first ionization potential (FIP) Il%ss observations remain scarce. TheNy- and Ly lines

greater or less than about 10 €V (Méyer, 1985: Feldmar et &€ &t 10.02 A and 8.46 A respectively, and thexNa’ — 1521

19924a). This is because the FIP of Na is only 5.14 eV, lefls= s, p) lines are near 11 A. The Lg-line was observed by
than any other element common in the Sun apart from potd¥alker etal.|(1974) with crystal spectrometers on @\él-17
sium, which has an FIP of 4.34 eV. Determinations of the corgPacecraft, and the Nalines with rocket-borne crystal spec-
nal abundance of either Na or K can therefore probe the pd@meters by Parkinson (1975). Only a single scan of the Flat
sibility that elements with small FIP are enhanced by amourfegyStal Spectrometer (FCS) &olar Maximum Mission (SMM)

that depend on the magnitude of the FIP, as is suggested by/th#S 9-year lifetime was made of the Ndines during a flare
electric current model df Henoux & Somov (1997) to explaifl! 1980 (Phillips et al., 1982). Previous Na abundance analyses

the FIP @ect. Observational evidence for this has been prf the OV1-17 data gave log\(Na) = 6.26 (Walker et al.. 1974)
vided by Feldman (1993), and to some extent by observatigid Of the Parkinson rocket data lafNa) = 6.73 (Parkinsan,

of He-like K X-ray lines seen in numerous flares and non-flaf£5) (on a scale log(H) = 12). The Na and Naxi X-ray lines
periods between 2002 and 2005 with the RESIK spectromeﬁﬂ*’(’j |nC|dent§IIy been observed in radiation from a laboratory
(Sylwester et al[, 2010). Coronal sodium emission lines inclu@é-Pinch) device by Burkhalter et al. (1990).

the Li-like Na (Naix) resonance linesst2s 2S; ,—15? 2p 2Py 2, Only rather approximate atomic data were available at the
time of the Walker et all (1974) and Parkinson (1975) analyses.
Send  offprint  requests to: K. J. H. Phillips e-mail: However, significant advances have since been made to evaluate
kjhp@mssl.ucl.ac.uk collisional excitation rate cdicients and ionization fractions
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needed for the evaluation of the abundance of sodium from X-

; W Y kjz 58‘105
ray line fluxes. Thenianti database and software packageinthe = ' = 2 M« ¢ v Jl v ﬂ =
Interactive Data Language (IDL) SolarSoftWare system, since - N P N IEE
its inception in the late 1990s (Dere et al., 1697, 2009), has also: 30
simplified analyses of X-ray and ultraviolet spectral data consid- =  _ =« b
erably. Excitation data for the Nalines presently included in & = Jﬁ%&f “ e g

cHiaNTI are interpolated values from other elements, but more ré- .

centlylAggarwal et al! (2009) have calculated collisional excitaﬁ- 3 58 o
tion data specifically for He-like sodium with the close-coupling £ T. = 4 MK El
R-matrix code. Also, more refined ionization fractions assuming =__. .~ JA~AL. Jt\ L K H410°
coronal ionization equilibrium have recently been calculated by £ o ER
Bryans et al.[(2009). 2 Ja.10°
The availability of new atomic data has inspired a fresh anal- - Te = 5 MK ET
ysis, reported here, of the NaX-ray lines seen in th&vM R Mﬂﬁ/ﬂ\ffkﬂn_i SRS ::MO
FCS spectral scan and the spectra obtained by Parkinson (1975) . - - Hg
X-ray lines of Nax were identified by Phillips etal! (1982), ‘ Wovelength (A) ’ '

with more detailed analysis of nearby lines by Landi & Phillips . . A . .
(2005). A slight revision of spectral line identifications is givery'9- 1- X-ray spectrum in the 10.9-11.3 A range obtained with

here and a determination of the /Ne abundance ratio for this the€ SMM FCS during the decay of the 1980 August 25 flare
flare plasma, based on a remarkable coincidence of the contrifftistogram) with theoretical spectra for temperatures 2 MK,
tion functions of the Na w line and that of the N&x 1 — 1s4p  SMK, 4 MK, and 5 MK (indicated in each panel) and an as-
(W4 or He) line blended with the Naw line. The NaNe abun- sumed N@Na abundance ratio equal to the coronal vz_ilue of 0.07
dance ratio is examined in the light of other recent abundari&€ldman et &l 1992a). Line styles for the theoretical curves:

determinations and the nature of the FiReet in solar coronal €ontinuous line= Nax lines alone (including weak Na satel-
plasmas. lites); dot-dash line= Nax and Nex lines; dotted line= with

Fexvn lines. The positions of the principal Ndinesw, y, and
zare indicated (the Na satellitesj andk are within 0.004 A of
2. Observations line ), and the Nex w4 line is at 11.000 A. The other prominent

) - lines are due to Fevn, with observed wavelengths 11.023 A,
The SMM FCS observations (Phillips etal., 1982) were madg) 133 A and 11.253 A (see Tafle 1). (A colour version is avail-

during the d_ecay stage of GOES M1.5 class f'ar? on 1980 ghe in the on-line journal. On-line journal version key: black
August 25 with channel 2 of seven channels making up the ig-

. stogram= observed spectrum; coloured curves are theoretical
sument. Scanming fla eyial were mourted on & olaelfcra,wih code blue Nax nes alone: greers Nax and

tor giving a 14 arcsecond (FWHM) field-of-view. The highiNeIX lines; red= with Fexvulines.)

precision Baldwin drive—encoder units used to rotate the drive

led to very accurate wavelengths for observed spectral lines. The

whole FCS could also be scanned spatially across an emittiygthe RESIK instrument (Sylwester ef al., 2008); in that case,
region on the Sun. For the 1980 flare, a spatial scan was mé&devu line ratios were best fitted by a bimodal emission mea-
over the flare emission near its onset to determine the locat@#e distribution having temperatures of 4.5 MK and 16 MK.
of the brightest point. The instrument was then pointed to thfgso, analysis of broad-band data from tREESS instrument
position, and a complete spectral scan taken. High-quality betyIts A0 attenuator state (Phillips et al., 2006_) S|_m|larly indicates
(Bes Al Sig Oug, 2d = 1596 A) was the diracting crystal of that there is a non-flaring component of emission, with temper-

channel 2, giving a spectral resolution of 0.0056 A at the wavature corresponding to the active region, as well as a hotter flare

lengths of the Na lines near 11 A. The scan took 17 minutegomponent.

to accomplish, during which time there was a significant change 1he FCS channel 2 spectral scan over the 10.9-11.3 Arange
in the emitting region. An analysis of the FCS data in this flafé Shown in each of the four panels of Figlite 1 (histogram plot).
with criant (Landi & Phillips,[2005) took this into account, di- N these plots, FCS count rates have been converted to absolute

A spectral irradiance units using pre-launch intensity calibration
h@ctors. The background emission is largely due to fluorescence
@(]the crystal material with the solar continuum making a mi-

viding the scan into seven time bins. The Nines near 11
lay at the end of time bin 1 and the start of time bin 2 of t
scan, when the flare emission and temperature were still high. = . :
An emission measure analysis by Landi & Phillips (2005) u %r. cotnt(;|but|on. The theoretical wavelengths of Nines are
ing only Fe lines (stages ken to Fexxm) indicated a temper- indicated.

ature of about 8 MK, which is reasonable for a M1.5 class flare_1he rocket-borne crystal spectrometers described by
a few minutes after its maximum emission. This analysis omftarkinson\(1975) were launched on a stabilised Skylark rocket

ted emission lines of He-like ions such asiend Mgxi since  ON 1971 November 30. The instruments viewed a non-flaring ac-

they indicated a much lower temperature, of about 1—4 MK. Thiye region on the Sun through a multi-grid collimator with field

reason for this is that the emission measure appears to haW ¥ew equal to 3 arcminutes (FWHM). Two of the spectrome-

bimodal distribution, with a flare component (8 MK) and a ters scanned through the region of thexNmes near 11 A with
lower-temperature component attributable to the non-flaring hd&hP (2d = 26.64 A) and gypsum (@ = 15.19 A) crystal. As
active region which gives rise to the emission from the He-likéae data are no longer in digital form, the spectra in the region of
ions. The Na emission lines appear to be in the latter cateéhe Nax lines (10.9-11.4 A) from Figure 3 of Parkinson (1975)
gory. Support for such emission measure distributions is pneere hand-digitised for the purposes of this analysis. The photon
vided by analysis of Axvn X-ray lines observed during flarescount rate is higher in the KAP crystal scan and so the spectrum
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1.0 MK W y q Kz 2% Newx w4 line. However, the more recent MCDF calculations of

] \ \ ﬁi ﬁt i Chen et al.[(2006) seem to have established that this line is at
e r”ﬂ I =N A N 1 11.000A, just0.003 A away from the Nawline. In light of this,

] 0 4, the feature at11.027 A is now identifiable with anxie line

1.0 MK I with transition 22 2p% 1Sy—2s2p® 4p 1P; (wavelength 11.023 A

j 2,0 according to Landi & Phillipsg (2005)). More intenseXer lines
L/ Ny occur at 11.133 A and 11.253 A. Table 1 lists identifications and
40 wavelengths of the principal lines in this region.

s F7 MK - :
g = ﬂ:ﬂ’h th ﬂm Nevm satellite lines with transitionsst nl — 1snl 4p are ex-
£ F n N = =20 pected to form weak features to the long-wavelength side of the
8 & Qﬂ%“u = By s Neix w4 line, but are outside the range of interest here: the most
§ E25NK A ﬂm 40 prominent are those in thes32p — 1s2p4p array which are lo-
&g \ E cated at~ 11.45 A.
— N =20
o3 P 0 - % 3.2. Contribution functions

Wavelength (A) . i i L.
The contribution functiots(Tg), defining the temperature range

Fig. 2. X-ray spectrum (histograms) in the 10.9-11.3 A rangsf significant emission of a line emitted by an ion (stage) of
obtained with a rocket-borne KAP crystal spectrometer of a noglement X in a transition from an excited levielo the ground
flaring active region in 1971 (Parkinsaon, 1975). The spectrugvel, is defined by (e.g. Phillips etlal. (2008))

is compared with synthetic spectra having temperatures 1 MK,

1.5 MK, 2 MK, and 2.5 MK (indicated in each panel) and an NOSG™) NEXC™) N(X) N(H)

assumed Néa abundance ratio equal to a coronal value of 0.0&(Te) = NOC™) N N(H) Ne e 1)
Naix satellites are included in the synthetic spectra. Line styles ©

are as for Figurgl1. (A colour version is available in the on-linghere the number densitidare of the excited level of ion X,
journal. On-line journal version key: black histogrambserved ¢ jon xm (all levels summed), the element X (all ionization
spectrum; coloured curves are theoretical spectra, with code b gesm), and hydrogen (H), anNe is the electron density. The

= Naxl_lines alone; greer= Nax and Nex lines; red= with ;) 'n4ance of X relative to H i(X)/N(H) = A(X), and for a
Fexvu lines.) coronal plasmaN(H)/Ne is 0.8. These functions can be deter-
mined fromcuiantt with the user supplying the line wavelength
. - . : . - n hosen fionization fractions and elemen ndances.
has high statistical quality. This scan is shown in Fiddre 2. T da chosen set of ionization fractions and element abundances

temperature is likely to be lower than the FCS scan in Fifjlire gureL3 shows thewiant G(T) functions for the lines of inter-

X , est here, viz. Na w, Nerx w4, and the Fevu line at 11.129 A.
and the line feature at 11.152 A, if real, could be thaiNgatel- 1o o citation data for the Nalines used in these calculations
lites g andr; the theoretical position of ling is indicated.

are from interpolation of distorted-wave calculations for neigh-
bouring ions, while those for the Ne lines are from theR-

matrix calculations of Chen etlal. (2006). The recent ionization
fractions ofl Bryans et al! (2009) were used, as were the coro-
3.1. The spectrum in the 10.9-11.3 A region nal abundances of Feldman et al. (1992a), in which low-FIP el-
ements have abundances enhanced over photospheric values by

Nax lines in the X-ray region include a group of four lines withy tactor of~ 4 but high-FIP element abundances are equal to
transitions of the type< — 1s2l (I = s, p) and higher members photospheric values (s§8.5).

of the _]sz—lsnl series. Using the notationiof Gabriel (1972), the  \yhjje the Fexvn G(Te) curve steeply rises ats < 4 MK
n = 2lines are, inincreasing order of wavelength, identified withnq fa)is atT, > 10 MK, reflecting the fractional abundance

lettersw (transition ¥ 'Sy - 1s2p Py, wavelength 11.003AX  of the Fe'l6 jon, both the Na and Nex lines have contribu-
(1s?1Sp—1s2p3P1, 11.080 A) y (15* 1Sp—1s2p 3P, 11.083 A), tion functions that are much more slowly decreasing With
andz (18* 1Sy — 1s2s%S,, 11.192 A). The wavelengths, quotedThere is a remarkable coincidence of thex\end Nex curves
from cuianti, are from| Ralchenko et all (2008). Dielectronidor Te < 4 MK, and even at higher temperatures thexdarve is
satellites with transitionsstn’l’ — 1s2pn’l” occur in great profu- consistently only a factor 3 above the Necurve. This provides
sion in the neighbourhood of tive-z lines, but with only a few a means for determining the e abundance if the two lines,
that are significant at lower temperatures, particularly satellitegich are practically unresolvable with the FCS and Parkinson
j andk (transitions ¥2p — 1s2p?) which blend with linezand spectrometers, are mostly emitted at temperatgré$K.
satellitesy andr (1s°2s—1s2s2p). Numerous satellites with very

high n values occur near line and converge on it; individually . .

they are not important but their cumulative contribution is up tg3- Theoretical Na X line fluxes

about 10% of linew. _ The principal Na X-ray lines in the 10.9-11.3 A range are
The Nex 15° 'Sp — 1s4p *Py (w4) line occurs very near the mostly excited by electron collisions, and so collisional excita-
Nax w line, but how near was unclear from early atomic strugion rate coéicients are of considerable importance in synthe-
ture calculations. Those bf Vainshtein & Safroricva (1978) ga¥gring the spectra. As mentioned, thieant: data use interpo-
the wavelength as 11.025 A, longward of the ;N line by lated distorted-wave calculations, but recent excitation data of
an amount easily resolvable with the FCS and Parkinson instAggarwal et al. [(2009) using the close-coupliRgnatrix code
ments. Using the wavelengths|of Wiese etlal. (1969), Parkinsgéveloped at Queen’s University Belfast should be a significant
(1975) was led to identify a line feature at 11.027 A as thenprovement and were used here. The data are in the form of

3. Atomic data and line identifications
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Table 1. Principal lines in the 10.9-11.3 A region.

Wavelength (AP lon Line label  Transition

11.000 NelX w4 12 1S, — 1s4p 1P,

11.003 Na X w 1 1Sy - 12p 1Py

11.023 Fe XVII 282 2p° 1S, — 252p° 4p 1P,
11.080 Na X X 12 1Sy - 1s2p 3P,

11.083 Na X y 182 1S, — 12p 3P,

11.133 Fe XVII 282 2p° 1S, — 22 2p° 5d 1P,
11.192 Na X z 18215, — 125 3S,

11.253 Fe XVII 282 2pb 1S, — 252 2p°5d 2D,

Note: @ Wavelengths frorh Landi & Phillips (2005).

107°F 3 1s’nl-1s2pnl (nl being the quantum numbers of the “spectator”
. 1 electron in the transition: see Gabriel (1972)). Previous calcula-
m,w; -~ | tions have used a variety of atomic codes to obtain these data;
- E ~ 3 here we used an adaptation of the Cowan pseudo-relativistic
;w i No X 1s7=1s2p \_ 1 Hartree-Fock (HFR) code (Cowan, 1981) for small personal
5 107k h | computers designed by A. Kramida (2008, priv. comm.).
5 F E The data concerned are the satellite (sat) wavelength and an
E [ ] intensity factorBs,: A satellite line is excited by dielectronic re-
o 1oL Ne IX 1s"=1s4p - combination when an electron recombines with a He-like Na ion
~ g * (Na') to produce a doubly excited state which then radiatively
3 - 4 de-excites. The flux at the Earth (distance from SuhAU) of
107" \\ = the satelliteFgie formed in this way is given by
i NG +9
10 T Fag=207x 100NNV AR exp CEsakeTe) ()
0 5 10 15 20 4n(AU)2  Aq + ZA TS/Z

Temperature (MK)

_ o ) ] _ whereA; andA, are the radiative and autoionization probabili-
Fig. 3. Contribution functions3(T) for lines in the 10.9-11.2 A ties from the satellite’s upper level respectiveliyy the energy
range: Na w 1s? 'Sp — 1s2p'P; 11.003 A; Nax w4 15* 'Sy - of the upper level with respect to the ground level of the Na
1s4pP; 11.000 A; Fexvi 2822p8 1S —2822p°5d 1P; 11.129 A, jon, V the flare emitting volume, arig is Boltzmann’s constant.
The contribution functions of the Neand Nex lines are almost The termN(Na"®)NoV can be rewritten @f(Na®)A(Na)EM
identical forTe < 3 MK. (A colour version is available in the where the volume emission measur&i¥ = N2V and the frac-
on-line journal. On-line journal version key: blue curvéNax tjon of Na® ions, N(Na®)/EN(Na™), is f(Te). The intensity
w line; red= Nerx w4 line; green= Fexvi 11.129 A line.) factor Bsg;, defined by

AAa

temperature-averaged collision strengid,) for the various Aa+ TA
transitions inVOlVEd, and include aUtO-ioniZing resonances Whi@cak:l_”ated by the Cowan HFR code together with all the ra-
make a contribution to th€s if near the excitation threshold. Fordiative and autoionization probabi”ties and the satellite wave-
the Nax w line, the excitation is mostly from the ground statgengths.

15 Sy to the upper level £2p *P;, with spontaneous radiative  |nput to the code is the satellite array and valueEgi,
transition from the upper level. However, for tkey, andzlines  single-electron radial functions are calculated by the code and
in which the upper levels are tripletsss °S; or 1s2p °P),  combined with Slater—Condon theory to give energy levels.
other transitions are involved. Cascade transitions from highefevious experience (Phillips et al., 1994) has shown that choos-
levels Isnl wheren > 3 are important, especially for linesy, ing 100% for the scaling of the Slater parameters in the code
.andZ, as are tran_SItIO_nS from the u_pper levels of each line res%es good results for X_ray transitionS, though there is gener-
ing from recombination of the H-like stage of Na (N3. The ajly a small wavelength shiftA between the wavelength of the
new excitation data were entered intaant data files so that He-like ion linew and that of satellites with very high values of
Nax line fluxes could be obtained. While theffdirences in the n for the spectator e|ectr0n, which should converge onwnkn

X, y, andzline fluxes between the original interpolated data frofynning the code for N& satellites, we took 100% scaling of
cHIANTI and the newR-matrix results are rather mod_esi( %), the Slater parameters and addeti= +0.001 A to the Cowan
they are up to 22 %T = 3 MK) for the importan line. satellite wavelengths since this value/of is needed to achieve
agreement between the wavelengths of mgatellites and the
Nax wline.

Table[2 lists data for a selection of satellites — wavelengths,
Dielectronic satellite line emission is an important contributds,, andEgy— from the calculations, which included satellites
to X-ray spectra of He-like and H-like ions, particularly thosavith spectator electrons havimlj = 2s, 2p, 3s, 3p, 3d, etc., ex-
with high atomic numbeZ. Thecmiant database currently hastending up tanl = 6p. We generated data fof = 10p to deter-
no dielectronic satellite excitation data for satellites due to Limine the wavelength shifi1. As was found by Gabriel (1972)
like Na which occur near the NaX-ray lines, having transitions and others, satellitegandk (see Tabl€12) are the most intense,

®3)

Bsat=

3.4. Na IX dielectronic satellites
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(FCS spectrum) or for a hotter part of the active region if present
- 4 (Parkinson spectra): it is this component that is responsible for
q /,//// most of the Fe ion line emission in this region, including<be
and Fexxm lines seen in the FCS spectrum and which were fit-
ted by an 8 MK component in the analysis|by Landi & Phillips
(2005). The Fev lines are emitted by plasma wiih, > 3 MK
(see Figurél3) so contributions from both the active region and
flare may be expected. The synthesis program computed spectra
1 inatemperature grid from 0.8 MK to 5 MK.
- _ 1 The Nax lines were included in the synthesis program from
thelAggarwal et al! (2009) atomic dagB(3) and the Na satel-
r 1 lites, both those excited by dielectronic recombination and those
formed by inner-shell excitation, from the data discussé@®id.
The Neix w4 line was included using fluxes frotaianti, as well
as the much weaker intercombination ling 1S, — 1s4p 3P4,
Temperature (MK) unresolvable from thev4 line. Other lines were also included,
. ] o most notably Fevn lines; lines of Fexix and Fexxmt had neg-
Fig. 4. Maxwellian-averaged collision strengtii¢Te) as a func- |igible fluxes in the temperature range considered. dihext
tion of temperature for excitation from the Li-like Na (N@ion  Fexvn line wavelengths dier somewhat from the observed FCS
ground level ¥2s 7Sy, to the upper levels of satellitas r, wavelengths; as the FCS wavelengths are expected to be very
s 1, u, andv (transitions given in Tablel 2) calculated using th%recise (uncertainties 2 mA in this region), the FCS wave-
Flexible Atomic Code (FAC). (A colour version is available iNgngths from an original analysié (Phillips et al., 1982) were
the.onjllne journal, with dferent colours for th& curves for |;sed. Fluxes of the Naw, x, y, andz lines were obtained from
excitation to each upper level.) the collisional excitation data 6f Aggarwal et al. (2009) which
were inserted into files that could be read bydhenti software.
The Nax satellite fluxes were calculated from equations (2) and
'(4). Gaussian profiles were applied to spectral lines that were a
convolution of the thermal Doppler broadening (FWHM width
Ap) and the instrumental profile, defined by the crystal rocking
urve (FWHM width equal tA4,c), assumed to be Gaussian.
The widths are given respectively by

0.010

T
\

0.001 L v v v v v Lev i [ L

i.e. have the largest values Bf,. They are both within 0.004 A
of the Nax z line at 11.192 A. This is in agreement with othe
calculations of satellite line wavelengths for elements havi
similar atomic number, notably Mg (e.g._Steenman-Clark et
(1984)). For CaZ = 20), satellitek becomes resolved from line
z, while for Fe £ = 26), bothj andk are resolved.

Inner-shell excitation can also give rise to satellites in the A [ 2kgTion\?
1s%2s — 1s2s2p array for solar flare densities (at much higheAlp = 1.665 — (M—)
densities, inner-shell excitation gives rise to satellites in other ¢ lon
arrays also). Again, the current versioncafant does not have whereT;,, is the temperature of the emitting ion, taken toThe
atomic data relating to these satellites. As at least satefjs@sl andM,,, the ion mass, and
r (see TableR) in thef2s— 1s2s2p array are expected to be im-
portant, Maxwellian-averaged collision strength@e) for the Adrc = 2d cosé A0 (6)
entire array were calculated using the Flexible Atomic Code Wh
GU (2003). Assuming that the de-excitation is entirely the radi
tive transition to the ground levelsi2s 281/2, the satellite line
fluxes are then given by

(5)

ere the crystal rocking curve is9. A pre-launch measured
Jalue ofAd for the FCS observing the Nalines of 100 arcsec-
onds was taken for the FCS spectrum. Thigeding ion masses
for the Nax, Nex, and Fevn lines were taken into account,
though the FCS instrumental broadening dominates the con-
exp (—Eexc/kaTe) (4) Volved line profile. For the Parkinson rocket spectra, the instru-
4n(AU)? T2 ment profile was empirically taken to be 3 times the FCS rocking

) o o ) curve width to match the observed line profiles. As in the calcu-
whereEey is the excitation energy of the satellite line. Figlire fhtion of contribution functions§@.2), the Na and Ne ionization
shows the calculatedr funqtions for excitation from the factions were taken from Bryans et al. (2009).
15°2s %Sy, level to the levels indicated. Element abundances were taken for an average coronal
plasma using values from_Feldman et al. (1992a) (included
as “coronal abundances” imuiant). An initial value of
0.071 is thus taken for the sodium-to-neon abundance ratio —
A spectral synthesis program was written with the specific im(Na)/A(Ne) — but in our analysis it is a free parameter to be de-
tention of matching the Naand Nex lines, together with N&x  termined from line flux measurements. The Fe abundance like-
satellites, in the 10.9-11.3 A region as observed by the FCS amide is taken to be log(Fe) = 8.10 (on a scale log(H) = 12.
Parkinson spectrometer. It is assumed, as was found from fh@s is supported by measurements of broad-RHESS flare
RESIK flare observations of Awvn line ratios (Sylwester et al., spectra_Phillips et al. (2006), indicating that of 27 flares, 19
2008) and analysis of broad-band spectra flRRESS in its had estimated abundances K(@e) that were within 20% of
A0 attenuator state (Phillips etlal., 2006), that a two-componehe| Feldman et all (1992a) value. Although spatial variations in
emission measure distribution describes the observed speattapnal abundances have been noied (Feldman et al., |11992b),
a low-temperature component (1-4 MK) appropriate for thtbe chief variations are those during impulsive flares and above
Nax and Nax emission from the non-flaring active region andtrong sunspot magnetic fields, when low-FIP elements appear
a higher-temperature component for the flare emission propehave photospheric abundances.

N(Na®)NoV  8.63x 107°7(Te)
Fis= X

3.5. Synthetic spectra
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Table 2. Selected Na& satellite lines excited by dielectronic recombination: data from the Cowan HFR code.

Wavelength (A  Line labe®  Transition Bsa: (5@ Esx (Ry)
11.043 d15 193p2Py; - 12p3p(*P) 2Dy, 3.33(13)  73.5
11.044 d13 15*3p 2P, — 12p3p (*P) D5/, 5.77(13) 735
11.0779 s 1925%S,,, - 12p% (3S) 2Py, 4.64(12)  60.0
11.0749 t 1225%S,,, - 122p(3S) 2Py, 2.90(12)  60.0
11.105 n 122p2Py ), — 1207 2S5 3.11(12)  60.6
11.108 m 192p 2P, — 1202 2S5 8.19(12)  60.6
11.1539 q 1925%S,,, - 122p(*S) 2Py, 1.66(13)  60.6
11.1559 r 1925%S,, - 122p(1S) 2Py, 9.61(12)  60.6
11.165 b 122p2Py ), — 12p? 2P 3.28(11)  60.6
11.168 d 12p 2Py, — 15207 2Py 5 7.12(10)  60.6
11.168 a 12p2P3, — 15207 2P, 2.13(12)  60.6
11.171 c 122p2Py), — 1207 2Py 5 3.25(10)  60.6
11.188 k 12p 2Py, — 1202 2Dy 2.31(13)  60.6
11.191 i 12p 2Py, — 1202 2Dy 3.70(13)  60.6
11.192 | 122p2Py), — 152p% 2D3) 1.90(12)  60.6
11.286 e 12p2P3, — 15207 *Ps) 1.74(10)  60.6
11.2949 u 125%S,,, - 120% (S)*Py,  3.45(9) 60.0
11.3009 v 1825%S,,, - 122p(3S)*Py,  6.64(8) 60.0

Note: @ Wavelengths from Cowan code0.001 A; ) Notation of Gabriél[(1972); Bely-Dubau et 4dl. (1979 Numbers in parentheses are
powers of ten;d) Lines also formed by inner-shell excitation.

4. Results tospheric abundance rati&(Na)/A(Ne) = 0.02 (Asplund et al.,

, 2009), and suggests an enhancement of about 3 to 4 in the abun-
Figure[1 shows th&VM FCS spectrum for the flare of 1980yance of Na in the corona if the active region plasma is coronal
August 25. In this figure, the observed spectrum is comparﬁ]dorigin_

with four synthetic spectra witile = 2, 3, 4, 5 MK, all with

the coronal value oA(Na)/A(Ne) = 0.071. In each case, the  For the Parkinson rocket spectra, the emission arises from
synthetic spectra were adjusted so that the blend of the Naa lower-temperature plasma indicative of a non-flaring active
line with the Nax j andk satellites (feature at 11.192 A) is fit-region. Figuré 2 shows the KAP crystal scans compared with
ted, leaving the blend of the Naw line and the Nex w4 line  four theoretical spectra witfie = 1, 1.5, 2, and 2.5 MK and
(feature at 11.003 A) free as well as the barely significant N \(Na)/A(Ne) = 0.07. At Te < 2 MK, the ratio of the Na w—

y line at 11.083 A. At the temperatures shown, thesNgatel- Ve1x w4 blend at 11.002 Atothe Nezline at 11.191 A s sensi-
lites | andk are very weak, the ratio of the sum of these wwive toTe, largely through the contribution of the Masatellites

satellites to the Na z line varying from 0.24 to 0.045 over the) and_k to Nax line z. The ratio of the sum of these satellites_ to
rangeTe = 2 MK to 5 MK. The satellitesj andr are also weak, Nax line z over the temperature range 1 MK to 2.5 MK varies

. 2.51t0 0.14. Of the four theoretical spectra shown, the one
the feature at 11.15 A formed by them being unobserved by “ m ~ : P
FCS. In addition the ratio of blended Naw to the Nex wa R/\/%h Te = 1 MK best fits the KAP spectrum. Although only just

lines is only weaklyTe-dependent (Figurg 3). In fact, the OnlyS|gn|f|cant (total photon counts per 0.025 s equal to about 16),

indication of temperature in the theoretical spectra in Fi@reﬂi‘: fug?ture ag 1'1t.hls A can be ider]ltmed Witht tnff blend f?f”Nath
is the presence of nearby fen lines at 11.023 A, 11.129 A, sateflites andr, the appearance ot tnese satefites confirms the
temperature ol 1 MK. This conclusion is also supported by

alnd }1'259’8" The best-fit temﬁeratu_re to the FCS spectrlunm% gypsum crystal scan though this has lower statistical quality.
clearly Te = 3 MK HO\I/yever, the emission measure analysig, y,q original analysis of Parkinson (1975), an emission mea-
oflLandi & Phillips (2005) shows that much of the emission of | . distribution peaking at 3 MK was found, rather more than

Ithese and fotr?er more hzighf:y ionized Fe Iinﬁs Lor this particis ¢ ,nd here with improved atomic data. The comparatively low
ar stage of the August 25 flare occurs at a higher temperaﬂ{@nperature for this active region that we find is in keeping with
aroundTe ~ 8 MK, with He-like ion line emission such as Ma

. oSS the fact that solar activity was at a rather low level when the

and Nex occurring at lower temperatures indicative of the ho servations were taken.
active region. The agreement of the FCS and theoretical spectra
at T = 3 MK for the Fexvu lines in Figurdl may therefore be  If the temperature of the active region is onlyl MK, the
regarded as coincidental. Fexvn lines at 11.023 A, 11.129 A, and 11.250 A should not

As values of temperature over the range 2-5 MK onlge so strong. The ionization fractions |of Bryans etlal. (2009)
slightly affect the Na and Nexx line emission, theféect of the indicate that there is a negligible fraction of ‘£ ions for
abundance rati&(Na)/A(Ne) may be examined; this is shown inTe < 1.5 MK (Figure[3). As with the FCS spectra, a higher-
Figurel®. The FCS spectrum is compared with theoretical spéemperature component might be present. However, in that case
tra, calculated ate = 3 MK, for three values ofA(Na)/A(Ne): the Nax and Nex line emission would be much higher, the fit-
0.14,0.07,0.035, i.e. the coronal value of Feldman let al. (1992e) temperature would be correspondingly higher, and disagree-
multiplied by 2, 1, and 0.5 respectively. Clearly the best matehents in the fit to the Na w—Neix w4 blend and the weak
is for A(Na)/A(Ne) = 0.07. Ruling out the values of 0.14 and11.15 A line feature, formed by satellitgsandr, would re-
0.035 for this ratio (top and bottom panels of Figlte 5) leadsilt. There is a possibility, then, that the*E&ion fractions
to an estimated precision that is approximately 50%. This estit T < 1.5 MK are in error, and that there is in fact a non-
mate of the abundance ratio is significantly larger than the phuegligible fraction of F&'® ions at very low temperatures.
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and advice on his spectra, as is Dr M. F. Gu for advice on the Flexible Atomic

: >1% Code used in this work.
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higher than the photospheric value, 0.020, and suggests that

sodium (like other low-FIP elements) is enhanced by a factor

of 3to 4 in the corona. The lower-temperature observations ob-

tained by Parkinson (1975) are best fitted with theoretical spec-

tra havingT. = 1 MK, and are again consistent with a coronal

Na/Ne abundance ratio. The presence ofkfe lines in these

spectra is unexpected, the most recent ionization equilibrium

calculations of Bryans et al. (2009) indicating either that there

is a higher-temperature component present or (more likely) that

there is a negligible fraction of F& ions atTe < 1 MK. A

revision of ionization or recombination rates may be needed.

5. Conclusions
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